This work presents the synthesis, volatility study and electrospray ionization mass spectrometry with energy-variable collision induced dissociation of the isolated [(cation) 2 
Introduction
The understanding of the physicochemical properties of ionic liquids (ILs) hinges on the proper comprehension of the molecular structure of the compounds in the liquid phase. It is well accepted nowadays that ionic liquids are highly structured fluids. The long-range structuration of ionic liquids was studied by Urahata and Ribeiro, 1 using computer simulation to provide a perspective view of the ionic motions and the onset of distinct dynamical processes in ionic liquids. Later, Wang and Voth 2 explored the effect of the alkyl side chain length of the cation in ionic liquids, using a multiscale coarse-graining (MS-CG) method. 2, 3 Based on this work, it was found for extended lengths of the alkyl chains that the tail groups of the cations aggregate to form spatial heterogeneous tail domains, where the head groups and the anions distribute reasonably homogeneously in order to maintain electroneutrality as well as to maximize the electrostatic interactions, while the tail groups tend to segregate elsewhere. 2 In 2006, for the first time, Lopes and Pádua 4 used atomistic simulation to study the nanostructuration of 1-alkyl-3-methylimidazolium based ionic liquids, [C NÀ1 C 1 im] + (N = 3 up to 13), in the liquid phase, and to investigate the effect of the alkyl side chain length of the cations on the long-range structures. Based on this work it was possible to predict that the structure of the liquid phase of the studied ionic liquids exhibits microphase separation between polar and nonpolar regions. Additionally, it was observed that the polar regions have the structure of a tridimensional network of ionic channels, while the nonpolar regions are arranged as dispersed microphases, for the [C 2 C 1 im] + based ILs, and as a continuous phase for higher alkyl chain lengths. 5 The interaction between these two types of regions (polar and nonpolar) led to the recognition of ionic liquids as high-charge density (polar) networks permeated by low-charge density (nonpolar) regions. [1] [2] [3] [4] [5] [6] This characteristic of the structural organization of ionic liquids was first experimentally supported by X-ray diffraction 7 and later by small-wide angle X-ray scattering (SWAXS). 8, 9 Neutron diffraction was used to study the structures of 1,3-dimethylimidazolium chloride, 10 6 ], ionic liquids. The comparison of diffraction patterns of deuterated and protonated liquids provides a detailed picture of the anioncation and cation-cation interactions. Based on this work, a high charge ordering with similar anion-cation interactions for both anions was found. In both studies, a strong correlation between the solid and liquid phases was detected. It was also observed that the degree of charge ordering becomes less pronounced for large anions and asymmetrical cations. [10] [11] [12] [13] Recently, a combination of infrared (IR) spectroscopic techniques was used to characterize the degree of charge organization present in the imidazolium based ionic liquid family. 14 It was found that longer alkyl side chains attached onto the imidazolium ions increase the short-range repulsive interactions among the ions and disrupt the charge organization, in agreement with previous studies. 7, 15 Recently, a comprehensive molecular dynamics simulation study has been performed in order to complement and extend the structural analysis on the mesoscopic segregation observed in the ionic liquids of the 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C NÀ1 C 1 im][NTf 2 ]. 16 It was found that in the smaller members (C2-C4) of the ionic liquid series, the nonpolar aggregates form elongated clusters with an increasing number of tails per aggregate, which become more oblate around [C 5 16 The possibility of concisely tuning the physical-chemical properties by changing the cation-anion combination is one of the biggest advantages of these systems. For this purpose, the knowledge and understanding of structure-property relationships of ionic liquids is indispensable. 17, 18 Therefore, great efforts have been made in order to determine these properties experimentally or by theoretical calculations. [17] [18] [19] [20] [21] [22] [23] [24] [25] Due to the large number of possible ionic liquids, predictive models have been proposed to overcome this limitation. [26] [27] [28] [29] [30] Until recently, ionic liquids were regarded as non-volatile, and thus did not exhibit measurable vapor pressures, even at higher temperatures. However, Earle et al. 29 have shown that some ionic liquids can be distilled at low pressures without decomposition. Later on, Paulechka et al. 31 have evaluated the possibility of measuring the vapor pressure and enthalpy of vaporization of [C 4 C 1 im][NTf 2 ] in vacuum. Kabo and collaborators 32 reported the first experimental determinations of vapor pressures for a series of [C NÀ1 C 1 im][NTf 2 ] (N = 3, 5, 7, and 9) ionic liquids, using an integral Knudsen effusion method. It was shown that the balance of the thermal stability and volatility for [C NÀ1 C 1 im][NTf 2 ] allowed measurements of vapor pressures in a temperature range suitable for a proper evaluation of the thermodynamic properties of vaporization. The nature of the gas phase of ionic liquids is still in debate, however the theory that the vaporization of ionic liquids occurs as a direct liquid to gas transfer of the intact ionic pair, has been supported by studies using calorimetry, 33 photoionization, 34 line of sight mass spectrometry, [35] [36] [37] Fourier transform ion cyclotron resonance, 38, 39 and by tunable vacuum ultraviolet photoionization. 40 These pioneering studies [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] contributed to the knowledge of a window of opportunity 19 for the vaporization of some ionic liquids without decomposition. In addition to the already cited studies concerning the vapor pressure measurements by the integral Knudsen effusion method 32 and the determination of enthalpies of vaporization by Calvet drop microcalorimetry, 33 several other techniques and strategies were used to determine the enthalpies of vaporization. Nowadays, there are a number of publications reporting enthalpies of vaporization, at a reference temperature, for a wide range of ionic liquids determined using both experimental 35, 36, [40] [41] [42] [43] [44] [45] [46] and theoretical methods. 47, 48 Accurate thermodynamic properties of vaporization equilibrium of ionic liquids are scarce and fundamental for the better understanding of the liquid phase of ionic liquids, evaluation of the cohesive energy, as well as the nature of the vapor phase. Additionally, they are required for validation and parameterization of the models (force fields) used to describe ionic liquids in different simulation techniques. 3, 6, 19, 49 Despite the importance of the vapor pressures of ionic liquids and the related thermodynamic properties of vaporization,
m , respectively, most of the studies are focused on the estimation and determination of enthalpies of vaporization. 19 Our group has been focused on the vapor pressure measurements of several families of ionic liquids, 50-55 using the quartz microbalance Knudsen effusion apparatus. 56 In these studies, the effect of the alkyl chain length of the cation was explored in order to get more insights about the nanostructuration of ionic liquids, which is related to the transition from a dispersed to a continuous non-polar phase, as the alkyl-side chain of the cation becomes longer. 5 It was possible to give a thermodynamic view of the nanostructuration of the imidazolium bistriflamide ionic liquids, for which a limit for the beginning of the nanostructuration/nano segregation at C 6 was observed. 50, 55, 57 Recently, the first volatility study of the 1-alkylpyridinium bis(trifluoromethylsulfonyl)imide, [C N Py][NTf 2 ] (N = 2, 3, and 4) was reported, and the analysis and rationalization of the obtained results was done based on the comparison with the series [C NÀ1 C 1 im][NTf 2 ] (N = 3-5). 50, 51 It was found that the volatility of pyridinium ionic liquids is five times lower than that of imidazolium and that it is driven by their higher enthalpy of vaporization. 53 Imidazolium based ionic liquids are the most investigated family in several research areas. Compared to the imidazolium cation, the pyridinium cation have lower cost, low toxicity, chemical stability and a high extractive performance. [58] [59] [60] [61] The change of the cation from a imidazolium to a pyridinium leads to a different kind of structural organization in the liquid phase, and the enlargement of the cation size increases the distance between charges while delocalizing them as well, thus resulting in a decrease in the ionic interaction energy. 62, 63 Despite the decrease of the electrostatic interactions, the pyridinium based ionic liquids have been found to be associated with a higher cohesion than the imidazolium ionic liquids, which is associated to the importance of cation-cation dispersive interactions. 64, 65 The molecular interactions between the ions and their structural arrangement results in a complex structural/ nanostructural organization and hence interesting properties. Therefore, the knowledge of the dependence of ionic liquids properties on their molecular structures is of great importance.
The present work comprises the synthesis and volatility study of a novel series of 2-alkyl-1-ethylpyridinium bis(trifluoromethane sulfonyl)imide, [ 2 C NÀ2 1 C 2 Py][NTf 2 ] (N = 4-12), ionic liquids.
The inspiration for the design of this novel pyridinium based ionic liquid series was based on the idea of mimicking the properties and thermal stability of the dialkylimidazolium based ILs in a different chemical moiety that presents some applicability advantages. [58] [59] [60] [61] The vapor pressure of each pure ionic liquid was determined as a function of temperature in the [493-535] K range, using a new quartz microbalance Knudsen effusion apparatus. 55 Based on the experimental results, the standard molar enthalpy, entropy and Gibbs energy of vaporization were obtained. Electrospray ionization mass spectrometry data were further used to gather additional insights into the interpretation of the thermodynamic properties of vaporization in terms of the IL's interaction energies. In this work, by means of a comparative analysis with previous studies, 50 the effect of nanostructuration on the pyridinium bistriflamide ionic liquids was explored.
Results and discussion

Synthesis
The new 1-ethyl-2-alkylpyridinium ionic liquids were synthesized in a three-step process following the general route shown in Scheme 1. The introduction of different alkyl groups in position 2 of the pyridine ring was carried out by metalation of commercial 2-picoline (1) and subsequent alkylation with an appropriate alkyl halide. The 2-alkylpyridines 2-8 were then treated with ethyl bromide to afford the corresponding dialkylpyridinium bromides 9-15. Optimization of the reaction conditions (concentrations, temperature, reaction time and base) for both metalation and alkylation has been described in a previous report. 58 Finally, the subsequent metathesis with bis(trifluoromethane)sulfonimide lithium salt provided the 1-ethyl-2-alkylpyridinium bis(trifluoromethane)sulfonimides 16-22 with excellent purity and overall yield. Their structures were confirmed by 1 H NMR, 13 C NMR and ESI-HRMS.
Vapor pressure measurements
The vapor pressures of the synthesized ionic liquids were measured at different temperatures using a Knudsen effusion apparatus combined with a quartz crystal microbalance. 55 The experimental vapor pressure data for each ionic liquid is presented in Table S1 , ESI. † Fig. 1 
where p is the vapor pressure, p o is a selected reference pressure ( p o = 10 5 Pa), y is a selected reference temperature, R is the gas constant (R = 8.3144621 J K À1 mol À1 ) 66 , D g l G o m is the standard molar Gibbs energy of vaporization at the selected reference pressure, D 
p,m = À100 AE 10 J K À1 mol À1 was considered in the calculations for all ILs under study. The value of (À100 J K À1 mol À1 ) for D g l C o p,m is a typical value for liquids and has been used before in the literature. 19, 52, 67 Until recently, temperature correction of the literature values for enthalpies of vaporization have been done using two values of, (-100 J K À1 mol À1 ) 30,68-71 and (À40 J K À1 mol À1 ). 72, 73 In our previous works, 49, 50, 74 the values of D function of the cation's alkyl chain length, using the previously described methodology. 49, 50, 74 In order to maintain consistency with our previous studies, 49, 50, 74 in this study we use the same methodology. A recent Monte Carlo simulation study by Rane et al. 81 provided additional support for our correlation concerning the D g l C o p,m . Table 1 lists the thermodynamic properties of vaporization derived from eqn (1) at the mean temperature, hTi, and references temperatures, y, 460 K and 298.15 K.
In order to acquire more insights into the effect of the topology of the cation (Scheme 2) on the ionic liquid properties, the analysis and rationalization of the obtained thermodynamic properties of vaporization for the [ 2 53 The structure of 2-alkyl-1-ethylpyridinium, N-alkylpyridinium and 1-methyl-3alkylimidazolium cations are presented in Scheme 2.
Analysing the ln(p/Pa) = f [(1/T)/K À1 ] representation and considering the experimental temperature range (Fig. 1) , the order of volatility for the [ 2 and arises from the stronger initial effect of the steric hindrance of the alkyl chain on the cation-anion interaction. 49, 74 The graphic representation of the standard molar Gibbs energies of vaporization at reference temperature, T = 460 K, as a function of the total number of carbon atoms in the two alkyl Table 1 Thermodynamic properties of vaporization derived from the vapor pressure results and the derived standard (p o = 10 5 Pa), at the reference temperature, y side chains of the cation, N, is presented in Fig. 2 . At the reference temperature, T = 460 K, the 2-alkyl-1-ethylpyridinium based ionic liquids presents significant lower volatility than the imidazolium ionic liquids series. 50 Analogous to imidazolium based ionic liquids, 49, 74 the D g l G o m profile along the alkyl side chain presents a non-linear behaviour for the ionic liquids with a shorter alkyl chain length, with an initial increase of volatility due to the marked steric hindrance of the alkyl chains, reaching a maximum volatility plateau at [ 2 50 The non-electrostatic potential is expected to increase nearly linearly along the alkyl chain length. [80] [81] [82] The graphic representations of the standard molar enthalpies and entropies of vaporization at reference temperature, T = 460 K, as a function of the total number of carbon atoms in the two alkyl side chains of the cation, N, are presented in Fig. 3 and 4 . , the difference between the enthalpies of vaporization of the 2-alkyl-1-ethylpyridinium and imidazolium 50,76 ionic liquid families decreases, being however in all the cases higher, indicating that the electrostatic interactions contribution should be slightly higher in the pyridinium based ILs than in the imidazolium ILs.
The overview of the entropies of vaporization along the series (Fig. 4) shows a similar profile than the one of D g l H o m , however the differentiation between the ionic liquid families, focused in this work, is smaller for D g l S o m . 49 
Electrospray ionization tandem mass spectrometry (ESI-MS-MS)
Electrospray ionization mass spectrometry data obtained with the procedure and methodology described previously in the literature 62 were further used to gather additional insights into the interpretation of the thermodynamic properties of vaporization in terms of the IL's interaction energies. The mass spectral data, represented as E cm,1/2 , for the novel pyridinium based ionic liquids, [ 2 C NÀ2 1 C 2 Py][NTf 2 ], as well as, for the Table 2 and plotted as a function of the total number of carbon atoms in the alkyl side chains, as well as, the longer alkyl size of the pyridinium cation (Fig. 5 ). In both series of ILs the variation of the relative cation-anion interactions, are expressed by the experimental energies E lab,1/2 and the calculated dissociation energies E cm,1/2 values, for the following reaction:
[(cation) 2 (anion)] + + -[(cation)(anion)] + (cation) + the ESI-MS-MS data show a very identical trend with the increase of the cation side alkyl chain length for both series if the total number of carbons in the alkyl chain is considered. A pronounced initial decrease of the relative cation-anion (ion pair) interaction energy reaching an almost constant value for E cm,1/2 , reflecting the increase of the alkyl group hindrance in the cation to ion pair interaction until C 6 .
Conclusions
This work is a contribution to the molecular understanding of the thermodynamics and cohesive energy of pyridinium based ionic liquids and presents the detailed synthesis, characterization and volatility study of new pyridinium based ionic liquids, [ 2 C NÀ2 1 C 2 Py][NTf 2 ] (N = 2-12) which show higher thermal stability and lower volatility than the imidazolium based ionic liquids.
The shape of the relative cation-anion (ion pair) interaction derived from ESI-MS-MS is in agreement with the shape and interpretation derived from the Gibbs energy of vaporization. The initial increase of volatility is due to the decrease of the enthalpies of vaporization indicating that the change of direct cation to (ion pair) interactions is reflected as expected in the magnitude of the IL cohesive energy.
The volatility trend reflects the overlapping of the two main interaction potentials in the liquid: electrostatic and non-electrostatic, reaching a nearly linear increment of the Gibbs energy of vaporization (volatility decrease) after [C 3 . As observed in the cation-anion (ion pair) interaction, the electrostatic potential decreases initially until a stationary value at C 6 that is overlapped by the nearly linear van der Waals interaction functional (non-electrostatic interaction potential) as is presented in Scheme 3.
Experimental section
Materials
Chemicals used in the synthesis. 2-Picoline (Acros organics, 98%), n-butyllithium (Sigma-Aldrich, 2.5 M in hexane), iodomethane (Acros organics, 99%, stabilized), bromoethane (Acros organics, 98%), 1-bromopropane (Acros organics, 99%), 1-bromobutane (Sigma-Aldrich, 99%), 1-iodopentane (Sigma-Aldrich, 98%, stabilized), 1-iodohexane (Sigma-Aldrich, 98%, stabilized), 1-bromoheptane (Acros organics, 99%), 1-bromooctane (Acros organics, 99%), 1-bromononane (Acros organics, 97%), bis-(trifluoromethanesulfonyl)imide lithium salt (Sigma-Aldrich, 99%) and acetonitrile (Sigma-Aldrich, ACS reagent, Z99.5%) were commercially available and used without any further pretreatment or pre-purification, except tetrahydrofuran (Panreac, 99.5%, stabilized), which was dried with suitable drying agents and distilled under argon prior to use.
General methods
1
H and 13 C NMR spectra of the obtained products were recorded in CDCl 3 on a Bruker ARX at 400.1621 and 100.6314 MHz respectively. Chemical shifts are reported in parts per million (ppm, d) and coupling constants ( J) in hertz. ESI mass spectra were recorded on an apex-Qe spectrometer.
General procedure for 2-picoline alkylation
A solution of 2-picoline (5 mL, 49.5 mmol) in anhydrous THF (75 mL) was introduced into a 250 mL round flask under an inert atmosphere. The mixture was cooled to À78 1C with a dry ice-acetone bath and a solution of n-BuLi 2.5 M in hexane (19.8 mL, 49.5 mmol) was then slowly added over 10 min. After stirring for 1 h, while keeping the temperature below À20 1C, the obtained deep red solution was cooled again to À78 1C and a solution of the appropriate 1-alkyl halide (2 equiv.) in anhydrous THF (50 mL) was slowly added. The reaction mixture was allowed to gradually warm up to room temperature and stirred for 1 to 5 h depending on the 1-alkyl halide. The reaction progress was monitored by t.l.c using silica gel 60 GF-254 aluminium sheets and hexane/ethyl acetate (1/1) as an eluent. The reaction was worked up by adding water (25 mL), neutralized with a saturated solution of ammonium chloride (25 mL) and extracted with dichloromethane (3 Â 25 mL). The organic extracts were combined, dried over Na 2 SO 4 and filtered. The solvent was removed on the rotary evaporator and the residue was further purified by chromatography over silica gel using gradient elution (starting with hexane to hexane/ethyl acetate 1.5/1). All synthesized 2-alkylpyridines were obtained as slightly yellow liquids.
2-Ethylpyridine (2) 83 . Yield 83%. 1 (m, 2H; 1 0 -Oc), 1.69 (m, 2H; 2 0 -Oc), 1.28 (m, 10H; 3 0 ,4 0 ,5 0 ,6 0 ,7 0 -Oc), 0.84 (t, J(H,H) = 6.9 Hz, 3H; 8 0 -Oc). 13 3 0 ,4 0 ,5 0 ,6 0 ,7 0 ,8 0 -Non), 0.82 (t, J(H,H) = 6.9 Hz, 3H; 9 0 -Non). 13 General procedures for the synthesis of 1-ethyl-2alkylpyridinium bromides Bromoethane (5 equivalents) was added dropwise to a solution of the corresponding 2-alkylpyridine in acetonitrile (5 mL per mmol of starting 2-alkylpyridine). The reaction mixture was stirred at reflux until completion. The reaction progress was monitored by t.l.c using silica gel 60 GF-254 aluminium sheets and CH 2 Cl 2 /CH 3 OH (95/5) as an eluent. After removing the solvent under reduced pressure, the residue was purified by Al 2 O 3 chromatography (neutral, activity II-III), using gradient elution (starting with CH 2 Cl 2 to CH 2 Cl 2 /CH 3 OH 9/1). The resulting fractions were combined and the solvent removed under reduced pressure to give the desired 1-ethyl-2-alkylpyridinium bromides that were dried by heating at 60 1C and stirring under high vacuum (2 Â 10 À1 Pa) for 48 h. All the synthesized 1-ethyl-2-alkylpyridinium bromides were obtained as slightly yellow and very viscous liquids, except the compounds 9 and 10 which were obtained as white solid and semisolid, respectively.
1,2-Diethylpyridinium bromide (11) . Yield 96%. 1 
Vapor pressure measurements
Purification Before the vapor pressure measurements, the ionic liquids were dried under reduced pressure (o10 Pa) and stirred constantly for a minimum of 48 h at 323 K, in order to reduce the presence of water or other volatile contents. Afterwards, an in situ purification of the ionic liquids was performed using the Knudsen effusion installation, under high vacuum (1 Â 10 À7 Pa).
Quartz crystal microbalance Knudsen effusion apparatus
The vapor pressures of the ionic liquids were measured as a function of temperature using a new Knudsen effusion method combined with a quartz crystal microbalance. 55 Basically, this apparatus results in the combination of the Knudsen effusion technique and quartz crystal microbalance. In a typical KEQCM experiment, the measurement of the equilibrium vapor pressure at a given temperature, T, is achieved by the vapor effusion through the orifice of an effusion cell and condensation of a fraction of the vapor on the surface of the cooled quartz crystal, placed above the effusion cell. This apparatus comprises two mass loss detection techniques, gravimetric and quartz crystal microbalance: the weighed mass of the effusion cell before and after the respective experiment, and the change of the crystal's resonant frequency as the vapor condense on its surface. The combination of these two mass loss detection techniques presents several advantages, such as, small effusion times, small sample size and real time monitoring of the effusion experiment.
The instrument enables the measurement of vapor pressures from 0.02 Pa up to 1 Pa and the temperature is controlled within a temperature fluctuation of AE(5 Â 10 À3 ) K, measured with a resolution better than 1 Â 10 À3 K and along the working temperature range, the overall uncertainty is better than AE(2 Â 10 À2 ) K. The vapor pressure data obtained with this apparatus for the ionic liquid have a typical pressure dependent uncertainty of (1 to 5)%. 56 The relative atomic masses used were those recommended by the IUPAC Commission in 2007. 90 
Electrospray tandem mass spectrometry (ESI-MS-MS)
Electrospray ionization tandem mass spectra (ESI-MS-MS) were acquired with a Micromass Q-Tof 2 (Micromass, Manchester, UK), operating in the positive ion mode, equipped with a Z-spray source. Source and desolvation temperatures were 353 K and 373 K, respectively. Ionic liquids solutions in methanol, at concentrations circa to 10 À4 mol dm À3 , were introduced at a 10 mL min À1 flow rate. The capillary and the cone voltage were 2600 V and 30 V, respectively. Nitrogen was used as nebulization gas and argon as collision gas. ESI-MS-MS spectra were acquired by selecting the precursor ion with the quadrupole, performing collisions with argon at variable energies in the hexapole. The laboratory frame collision energy (E Lab ) can be changed and is reflected by a variation in the collision energy fraction that is actually converted to the ions' internal energy. The energy values corresponding to a relative abundance of the precursor ion of 50% (E Lab,1/2 ) are here used as a measure of the relative dissociation energy. In this inelastic collision of the projectile ion with the target neutral, the total available energy for conversion of translational (or kinetic) to internal (or vibrational) energy of the projectile ion is the center of mass energy (E cm ), which can be calculated from E Lab , and from the masses of the neutral target and precursor ion. The calculated dissociation energies from the experimental E Lab values represent the energy necessary to separate a cation from the neutral IL in the gas phase and, as such, can be considered a good approximation to the cationanion relative interaction energy. Triplicate measurements were performed for each selected precursor ion and standard deviations varying between 0.3% and 5% were obtained. This method has already proved to be an adequate strategy in the study of the relative cation-anion interaction strength in ILs. Further details can be found elsewhere. 62 
